• and the thermo-capillary flow could be reversed for contact angles less than 11
INTRODUCTION
Sessile drop evaporation is a process which has extensive applications in biochemical assays, thin film coating, spray cooling, microelectronics, nano-devices, and others. It is a complex physical problem which involves fluid flow, heat and mass transfer as well as interactions between the solid substrate, the liquid droplet, and the surrounding gas throughout moving interfaces and a pinned or receding contact line (Yang et al., 2014; Haut and Colinet, 2005; Murisic and Kondic, 2011; Cazabat and Guéna, 2010) . The evaporation rate of the sessile drops can be limited by one of the following mechanisms: the transfer of molecules across the liquid-gas interface, the heat transfer to the interface, and the diffusive transport of the vapor in the surrounding gas. One of the two first mechanisms can be dominant when the surrounding gas is a pure vapor of the used liquid, for example for evaporation of thin liquid films or droplets on heated substrates. For these cases, the Hertz-Knudsen formula is often used to estimate the local vaporization rate within the local thermal environment (Haut and Colinet, 2005; Murisic and Kondic, 2011; Cazabat and Guéna, 2010) . For evaporating drops in air, as for the present work, diffusion-limited evaporation is often assumed based on estimates of the time scales for transport. Fick's law is applied to evaluate the local evaporation flux at the liquid-air interface (Cazabat and Guéna, 2010; Hu and Larson, 2002; Popov, 2005) .
One of the most important applications of the sessile drop evaporation in thin film technology is the final pattern of the solid particles deposits on substrates. For example, the ring-shaped stains that remain after evaporation are disadvantageous in the coating and inkjet-printing industry. The particle deposition, which is in general close to the contact line, is strongly affected by the flow inside the drop. The liquid flow is induced by non-uniform evaporation flux (Deegan et al., 2000; Dhavaleswarapu et al., 2010; Hu and Larson, 2005a; Tarasevich, 2005; Petsi and Gelderblom et al., 2012) and temperature gradient along the liquid-gas interface (David et al., 2007; Dunn et al., 2009; Ait Saada et al., 2013; Zhang et al., 2014; Xu and Luo, 2007; Ristenpart et al., 2007; Larson, 2006, 2005; Bhardwaj et al., 2009 ). Deegan et al. (2000) explained the formation of particle deposits by the effect of an outward radial flow due to the high evaporation near the pinned contact line. Dhavaleswarapu et al. (2010) used microparticle image velocimetry measurements of the 3D flow field near the contact line to map the velocity field. The velocity was found to increase as the contact line is approached. Mass transport taking place in an entire drop of 1810 µm in radius was found to occur mostly in a region of 400 µm near the contact line. Hu and Larson (2005a) obtained an evaporative flux solution of the liquid flow field based on the lubrication theory. Tarasevich (2005) determined analytically the expression of the hydrodynamic potential inside a drop at the very early stages of the evaporation process when the shape of the drop is still a hemisphere and the evaporation field is uniform. The capillary flow in the drop induces a fluid motion from the drop apex to the contact line. Petsi and Burganos (2008) studied numerically the internal viscous flow of evaporating droplets or liquid films lying on a substrate. For pinned contact lines, the flow inside the evaporating liquid is directed toward the edges, thus promoting the coffee stain phenomenon. Gelderblom et al. (2012) focused on the asymptotic behavior near the pinned contact line by analytically solving the Stokes equations in wedge geometry of arbitrary contact angle. The fluid flow is described by similarity solutions. Below a contact angle of 90 • , the evaporative flux solution dominates and for small contact angles, the velocity field is very accurately described by the lubrication approximation. The works cited previously indicated particularly that the internal flow of evaporating drops increases significantly near the contact line to compensate the strong mass loss in this region. However, the evaporative cooling of the drops, which is not taken into account in these works, can also induce flows due to the thermo-capillary effect or thermal buoyancy effect. The drop cooling is highly influenced by the substrate thermo-physical properties (David et al., 2007; Dunn et al., 2009 ). Ait Saada et al. (2013) developed a quasi-steadystate diffusion model and evidenced that for pinned or de-pinned drop the overall heat and mass transfer rate at the liquid-gas interface is between an upper limit corresponding to the case where the drop is supplied with heat from the substrate with a very high thermal conductivity and a lower limit corresponding to the case where the drop on a substrate of very low thermal conductivity receives the needed energy mainly from the gas phase.
Many works in the literature pointed out that the flow field of drying drops can be considerably influenced by the non-uniform distribution of the temperature at the liquid-gas interface. This influence is represented by the thermocapillarity induced by the surface tension variation with the temperature. Zhang et al. (2014) showed that the surface temperature, which is controlled by the evaporative cooling and the local heat transfer, is dominated by the conduction path length for large contact angles and will then increase monotonically from the droplet center to the droplet edge. Contrarily, for small contact angles, the evaporative cooling effect may be predominant, and the surface temperature then decreases monotonically from the droplet center where the evaporation rate is the lowest to the droplet edge where the evaporation rate is the highest. For intermediate contact angles, the surface temperature can also exhibit a nonmonotonic spatial distribution, which has significant influences on the flow field inside the evaporating droplets. Xu and Luo (2007) showed the existence of the thermo-capillary flow in evaporating water droplets by using fluorescent nanoparticles. Flow patterns indicated that a stagnation point exists on the liquid-gas interface where the surface flow, the surface tension gradient, and the surface temperature gradient change their direction and sign. Ristenpart et al. (2007) demonstrated theoretically and experimentally that thermo-capillary flow depends sensitively on the ratio of thermal conductivities of the liquid and substrate, and derived quantitative criteria for the circulation direction and magnitude. Thermo-capillary effect has been observed in many liquids, but its existence in pure water is still a debated problem. Hu and Larson (2006) confirmed the existence of the thermo-capillary flow for octane droplets, but found it to be much weaker for water droplets than expected theoretically. This was attributed to the surfactants contaminants. Hu and Larson (2005b) analyzed the effect of Marangoni stresses on the microflow in an evaporating sessile droplet. Their lubrication solution, which admits inclusion not only of thermo-capillary flows but also of flow induced by surfactant concentration gradients along the droplet surface, is an accurate approach for contact angles as high as 40
• . Bhardwaj et al. (2009) showed different flow patterns caused by the competition of thermo-capillary and evaporation effects. The study of the liquid dynamics allowed determination of the particles deposit shape to be either a ringlike pattern or a homogeneous bump. Barash et al. (2009) developed a theoretical description and numerical simulations to study the evaporation and liquid dynamics of a toluene sessile drop of a capillary size. In quasi-steadystate evolution, the fluid flow, containing only one axisymmetric cell in the drop, is formed during the longest period of the evaporation process. In unsteady state evolution and taking into account the inertial and convective effects in the liquid phase, the numerical simulations allowed identification of a sequence of early dynamical stages of the thermo-capillary convection in the drop, containing an array of near-surface cells which then transforms to the state with three bulk cells. The initial number of near-surface cells in the drop is controlled by the Marangoni cell size, which is similar to that given by Pearson for flat fluid layers (Pearson, 1958) .
The internal flow of evaporating drops is studied in the case of non-heated substrates, as in the previous references, but also under the influence of the substrate heating temperature, as in the references that will follow. The contact line behavior on heated substrates is of paramount importance with regard to heat transfer. It defines the contact surface area from which heat flows from the hot wall (Anderson and Davis, 1995) . Spreading of liquid drops on heated substrates has been the subject of many theoretical and experimental studies on moving contact lines (Ehrhard and Davis, 1991; Mukhopadhyay and Behringer, 2009; Bostwick, 2013) . Modeling of the spreading must take into account the dynamics behavior of the drop fluid by describing the effects of capillarity, thermo-capillarity, vapor recoil, viscous spreading, and contact-angle hysteresis (Ehrhard and Davis, 1991) . Bostwick (2013) showed that both vertical and radial temperature gradients along the drop interface produce distinct thermo-capillary forces and equivalently flows that affect the spreading process. In the presence of evaporation, the literature gave a particular interest for analyzing the measurements of the heat and mass transfer rates depending on the wall temperature (Crafton and Black, 2004; Grandas et al., 2005; Sodtke et al., 2008; Girard et al., 2008 Girard et al., , 2010 . The experimental data of Gatapova et al. (2014) showed that the specific evaporation rate (evaporation rate per drop area) abruptly increases at the final stage of the drop life. Nakoryakov et al. (2012) measured the surface temperature and the lifetime of different drops which are affected significantly by the thermal inertia, thickness, and roughness of the heated wall. Brutin et al. (2011) used the infrared visualization technique to observe thermal motions inside evaporating drops on heated surfaces. Three fluids were used: ethanol, methanol, and FC-72. Their results underlined the existence of three steps during the evaporation: first a warm-up phase, second a principal phase of evaporation with thermal-convective instabilities, and finally a phase of film evaporation. In the second phase, numerous convection cells are observed in a thin corona near the perimeter of the drop. For the case of ethanol, the number of these cells decreases in time and increases with increasing substrate temperature. In addition to the experimental works, numerical models have been developed for studying the evaporation of drops on heated substrates. Solving this problem in all three phases, coupled with the moving interfaces problem and the resolution of the flows in the vicinity of the contact line, would be of high complexity (Yang et al., 2014; Murisic and Kondic, 2011; Anderson and Davis, 1995; Bostwick, 2013; Ait Saada et al., 2010) . Hence, most of the numerical models are elaborated based on simplifications where the transport in the gas phase is described by relations of heat and mass transfer coupled with phase change at the liquid-gas interface. These models are particularly used to analyze the correlation between the droplet geometry, the evaporation rate, the droplet lifetime, and the overall heat transfer rates (Girard et al., 2008; Ruiz and Black, 2002; Kaneda et al., 2008; Yoshitake et al., 2010) . Lu et al. (2011) developed a model which takes into account the internal flow within the droplet, including buoyancy-induced natural convection, surface tension gradient-induced thermo-capillary convection, flow pattern evolution during evaporation, and conjugated heat transfer of heated substrates with finite thermal conductivity. Numerical results according to the Grahshoff, Marangoni, and Bond numbers showed that both natural and thermocapillary convections enhance the evaporation rate; the largest increase was due to thermo-capillary convection. With droplet height reduction during evaporation, the internal flow pattern changes, and Bénard-Marangoni instabilities eventually occur for a small droplet.
The presented bibliographic review highlighted different effects that can drive the flow inside an evaporating sessile drop. The local and temporal contribution of each effect defines the pattern and magnitude of the induced flow. This is an open question in the literature, whose general response must distinguish between the dynamic behavior of the liquid in the drop in the case of an unheated substrate and the case of a heated substrate. Hence the present work is a phenomenological study of the convective flow inside an evaporating water sessile drop. Understanding the fluid dynamics during the evaporation allows handling and controlling the strains of particle deposits near the contact lines on substrates of different natures and in heated or non-heated cases. In this framework, a numerical model is developed by taking into account (1) the radial flow induced by the strong liquid loss at the contact line, (2) the thermo-capillary flow resulting from the surface tension gradient due to temperature variation at the drop surface, and (3) the flow induced by the thermal buoyancy due to variation of liquid density with temperature. The objective is to analyze the flow intensity and the flow pattern resulting from the competition of these effects as well as its impact on the evaporation rate. The description of the different flow patterns is deduced partly from the temperature profile at the drop surface, which is determined as a function of two controlling parameters: the heating temperature and the thermal conductivity of the substrate. Figure 1 illustrates the physical domain including a pure water symmetric drop of 10 mm 3 , a cylindrical substrate with a thickness e w = 1 mm, a very large radius, and a thermally insulated lateral face and the surrounding air which is at ambient temperature T ∞ = 25
MATHEMATICAL MODEL
• C and relative humidity H a = 40%. The lower face of the substrate is maintained at a temperature T w = T ∞ in the non-heated case and a temperature T w > T ∞ in the heated case.
The computational domain which encompasses 0 ≤ r ≤ R ∞ and −e w ≤ z ≤ R ∞ is divided in three zones: the solid substrate (zone I) meshed in cylindrical coordinates, the drop and its close surroundings (zone II) in toroidal coordinates, and the outer surrounding air (zone III) in spherical coordinates. The choice of different coordinates systems is imposed by the shape of the zone. The toroidal coordinates system is used in zone II because it allows better handling and localizing the moving liquid/air interface (a single value of the coordinate β is assigned to the interface, β = β 0 ) comparatively to other coordinate systems where two coordinates are necessary. This yields more accurate numerical predictions of heat and mass exchanges at both sides of the drop surface (Ait Saada et al., 2013 Saada et al., , 2010 . The upper face of the substrate is covered by a very thin aluminum layer, which imposes to the drop an initial contact angle of 78
• . The evaporation process on the substrate occurs according to two successive stages. The first stage corresponds to the case where the contact line remains pinned. The second stage is very short compared to the lifetime of the drop and corresponds to the case where the contact line is receding (Grandas et al., 2005) . Only the first evaporation stage where the drop contact radius (R) is constant and the contact angle (θ) variable in time is taken into account in the modeling.
FIG. 1:
Physical domain with boundary conditions: non-heated substrate (T w = T ∞ ) and heated substrate (T w > T ∞ ). A zonal grid is applied in the computational domain. The physical problem is described mathematically by the continuity equation, Navier-Stokes equations, and heat convection equation in the liquid phase. The internal flow inside the drop is the result of several effects: evaporation, thermo-capillarity, and thermal buoyancy. The thermo-capillary effect is related to local variation of the surface tension with temperature at the liquid-gas interface, such as:
, where σ ∞ is the surface tension at T ∞ and (dσ/dT ) a physical property of water. The Boussinesq approximation is adopted for the temperature range between T ∞ and T w (T ∞ = 25
• C and T w varying between 25 and 50 • C). Thermal buoyancy is due to liquid density, which varies linearly with temperature. Taking the drop contact radius (R) as a reference length and the characteristic thermo-capillary velocity U c = |dσ/dT | ∆T /µ ℓ at the liquid-gas interface as a reference velocity, the governing equations are written in dimensionless forms. The reference temperature difference ∆T is equal to (T w − T ∞ ) in the case of a heated substrate and represents the drop cooling due to the evaporation in the case of a non-heated substrate.
where C v is the vapor saturation concentration depending on the temperature). The quasi-steady state is invoked in the present study and this is justified by the fact that the ratio of the drop height characteristic velocity (dh/dt) to the characteristic thermo-capillary velocity (U c ) and the ratio of the drop height characteristic velocity to the characteristic speed of temperature evolution (Girard et al., 2008) , given in Eqs. (1) and (2) respectively, are very small compared to unity, for liquid water and in the temperature range between 25 and 50
• C.
Equations (1) and (2) are given for the case k s ≫ k ℓ . Based on the previous assumptions, the governing equations in the liquid phase are written in dimensionless form as follows:
⃗ W is the dimensionless velocity vector, ⃗ I is the unit vector, and T * ℓ the dimensionless temperature defined by T * ℓ = (T ℓ − T ∞ )/∆T . Three dimensionless numbers appear in these equations and constitute the study parameters of the problem: Pr = (ν/α T ) ℓ is the Prandtl number, Ra = gβ T ℓ ∆T R 3 /(να T ) ℓ is the Rayleigh number, and Ma = |dσ/dT | ∆T R/(µα T ) ℓ is the Marangoni number. The Rayleigh number is the ratio of thermal buoyancy force to viscous force. It characterizes the importance of natural convection in the drop. The Marangoni number is the ratio of surface tension gradient induced by temperature gradient, to viscous force. It is used to describe the intensity of the thermo-capillary convection. The ratio of Rayleigh number to Marangoni number in Eq. (4) is the Bond number, Bo = ρ ℓ gβ T ℓ R 2 / |dσ/dT |. It characterizes the relative contribution between natural convection and thermo-capillary convection in the drop.
With regard to the convection in the gas phase, Weon et al. (2011) showed experimentally that the convection in the surrounding vapor would enhance evaporation of water microdroplets. This effect would be greater if the substrate is heated not only beneath the drop but on the whole extent of the substrate (Ait Saada et al., 2010) . The analysis of this effect is not the objective of this work. Thus, it is deliberately omitted in the present study. Consequently, the surrounding air is assumed to be quiescent. The heat transfer in both solid and gas phase occurs by conduction mode alone. The saturated vapor resulting from phase change at the liquid-gas interface is transferred by diffusion to ambient moist air. The diffusion-based evaporation model is found to describe quite accurately the evolution of the droplet mass and contact angle for sessile water drops with pinned contact line and to match fairly well experiments for the entire range of possible contact angles (Cazabat and Guéna, 2010; Hu and Larson, 2002; Gelderblom et al., 2012) . In a general framework, an evaporation process can be limited by one or more of the three mechanisms, each characterized by its own resistance: the resistance to phase transition (Res 1 ), the resistance to heat conduction through solid and liquid phases (Res 2 ), and the resistance to vapor removal by means of diffusion (Res 3 ) [Haut and Colinet, (2005) ; Murisic and Kondic, (2011) ]. In the present study, the resistance condition Res 3 ≫ Res 1 and Res 2 is applicable when T w is between 25 and 50
• C and then the limiting mechanism for the evaporation is vapor diffusion in surrounding air. This validation allows using Fick's law to estimate the evaporation flux at the drop surface, which is expressed by
h β is the metric coefficient of the toroidal coordinate β and D is the diffusion coefficient of water vapor in ambient air [D = 25 mm 2 /s (Hu and Larson, 2002) ]. In the solid and gas phases, the quasi-steady state is also invoked due to the slow motion of the liquid-gas interface during the evaporation (Hu and Larson, 2006; Girard et al., 2008; Ait Saada et al., 2010) . Based on these considerations, the dimensionless governing equations are reduced to Laplace equations.
ii. in gas phase:
where the dimensionless concentration is defined by iii. in solid phase:
The associated boundary conditions are indicated in Fig. 1 . Far from the drop, the fluid is quiescent and the concentration of the vapor is given by C ∞ = H a C v (T ∞ ). Continuity of temperature, heat, and mass fluxes is applied at the interface between zones (II) and (III). Similar conditions are also imposed on the upper face of the substrate.
The sessile drop has a spherical cap shape controlled by the surface tension because of the drop size (R = 1.86 mm), which is lower than the capillary length ℓ c = √ σ/(gρ ℓ ) (equal to 2.69 mm for water). Vapor recoil effect induced by the evaporation process is negligible due to the slow evaporation kinetic for 25
• C ≤ T w ≤ 50 • C. Equations of mass balance, shear-stress balance, and energy balance at the liquid-gas interface are given hereafter:
⃗ n is a normal unit vector, ⃗ W I · ⃗ n is the dimensionless velocity of the moving interface, ⃗ W · ⃗ n is the velocity of a liquid particle, and J * is the dimensionless local evaporation flux, J * = J/(D∆C/R). Four dimensionless numbers appear in Eq. (10): the ratio ∆C/ρ ℓ , the Lewis number, Le = D/α T g , the ratio of gas/liquid thermal diffusivity, R g αT = α T g /α Tℓ , and the Marangoni number Ma.
ii. shear-stress balance,
⃗ t is a tangential unit vector andτ is the dimensionless stress tensor. The dimensionless temperature gradient in Eq. (11) represents the term of thermo-capillary effect.
iii. energy balance,
Ja Le
Equation (12a) expresses the thermal equilibrium of both liquid and gas phases at the interface. In Eq. (12b), R g k = k g /k ℓ is the ratio of gas/liquid thermal conductivity and Ja = h ℓg /(c pℓ ∆T ) is the Jacob number where h ℓg is the evaporation latent heat. A closing relationship between concentration and temperature is used. Air at the drop surface is in a saturated state; its vapor concentration depends on temperature according to a polynomial relationship:
The coefficients a i are chosen to fit experimental data of Raznjevic (1995) and are given in Ait Saada et al. (2010 Saada et al. ( , 2013 .
The set of governing equations [Eqs. (3)- (5) and (7)- (9)] with the corresponding interface and boundary conditions is solved to yield the velocity, temperature, and concentration fields for different values of the influencing parameters: Pr, Ra, Ma, R k (gas/liquid and solid/liquid), R g αT , Le, Ja, and ∆C/ρ ℓ . The concentration field is then used to evaluate the evaporation rate and deduce the drop lifetime.
The dimensionless evaporation rateṀ * over the whole drop surface is determined bẏ
where h * α , h * β , and h * φ are the dimensionless metric coefficients of the toroidal coordinates α, β, and φ, respectively. At each instant (t) of evaporation, the sessile drop keeps the shape of a spherical cap characterized by the same base radius R and a contact angle θ(t). At a given value of θ(t) corresponding to unknown time t, the volume of the drop V D (t) is computed using the following equation:
Once the concentration profile is obtained, the evaporation rate at instant t is determined from Eq. (14). Then, the time step ∆t necessary to reach that position imposed by the value of θ(t) is calculated from Eq. (16).
NUMERICAL PROCEDURE
The governing equations with the corresponding boundary and interface conditions are discretized by use of the control volume method (Patankar, 1980) . Staggered grid with N α × N β = 116 × 104 nodes and the SIMPLE algorithm are adopted to treat coupling between velocity and pressure fields in the liquid phase. In order to accurately handle the singular point representing the contact line, a fine mesh is used around this point with a step size of R/100,000. This yields an accurate evaluation of the evaporation flux near the contact line (Hu and Larson, 2002; Ait Saada et al., 2013; Hu and Larson, 2006) . A power law differencing scheme (PLDS) is used to consider the contribution of convection and diffusion in the transport phenomena. The algebraic equations resulting from the finite volume discretization are solved using a combination of the tridiagonal matrix algorithm (TDMA) and the Gauss-Seidel iterative method along with under-relaxation. Solutions reach satisfactory convergence during the iterative process once the maximum relative error on the dependent variable (u, v, T, C) is lower than 0.1%. The maximum allowable absolute residue in the mass conservation equation is less than 10 −10 and less than 10 −5 in other conservative equations. The implemented computer program is validated by comparison with results of previous works existing in the literature (Ait Saada et al., 2010 , 2013 . Another validation reveals a good qualitative agreement with the results of Yang et al. (2014) . It is illustrated in Fig. 2(a) , which displays velocity fields of both radial and thermo-capillary flow inside an evaporating water drop on a heated substrate for a contact angle of 50
• . The radial flow in case (i) is induced only by the privileged evaporation near the contact line. The cellular flow in case (ii) is induced by combined thermocapillary and evaporation effects. The results of the present work are also compared with the velocity measurements of Dhavaleswarapu et al. (2010) , obtained by the microparticle image velocimetry (µPIV) technique. Distribution of normalized radial velocity u r /u r max is plotted in Fig. 2(b) as a function of the normalized position z/h within an evaporating water sessile droplet (u r max is the maximum velocity and h is the droplet height at a given radial position). The velocity is measured in the zone close to the contact line where the liquid flow is in the radial direction due to the strong influence of the evaporation. Overall, the same evolution trend is found, although some discrepancies in the velocity values are obtained which may be due to measurement errors with the µPIV technique. Furthermore, a good concordance with the velocity profile of the theoretical model of Hu and Larson (2005a) is shown.
RESULTS AND DISCUSSION
The results of numerical simulations are presented for a water droplet whose size is less than the capillary length or can also apply to any other liquid with weak volatility. The water sessile droplet evaporates in moist air. The bottom surface of the substrate is at a prescribed temperature T w varying between 25 and 50
• C and the solid/liquid thermal conductivity ratio R s k is between 0.04 and 400. The liquid flow inside the drop is analyzed when varying the two parameters T w and R s k . The flow may be induced by the non-uniform evaporation at the interface, the thermocapillary, and the thermal buoyancy effects. However, computations showed that thermal buoyancy has negligible effect on liquid motion because of the small size of the drop and the small temperature gradient between the drop base and the liquid-gas interface. Then, the viscous and surface tension forces are much more important than buoyancy force. As a result, the flow inside the drop is mainly driven by the non-uniform evaporation and thermo-capillary effects. So, in order to highlight the contribution of each effect, two models are investigated. The first model considers only the effect of non-uniform evaporation at the interface and the second model adds the thermo-capillary effect. Thus, one can distinguish two cases: (i) flow without thermo-capillary effect and (ii) flow with thermo-capillary effect.
In what follows, we will discuss results relatively to the half part of the drop (axisymmetric problem). For example, the unicellular flow shown at right in Fig. 4 implies a 2-cell flow pattern in the entire drop. Figure 3 plots the temperature profile at the liquid-gas interface for (a) T w = 25
• C, and for a substrate being either a thermally insulating material (PTFE) or a good thermal conductor (aluminum). The comparison between these temperature profiles for a heated or non-heated drop is required to understand the flow pattern inside the drop induced by the thermo-capillary effect combined with the privileged evaporation effect near the contact line. For a non-heated aluminum substrate, Fig. 3(a) , the temperature gradient increases monotonically from the apex to the contact line for all contact angles and for cases including the thermo-capillary effect or not. For a non-heated PTFE substrate, the temperature gradient is positive for large contact angles but changes sign at contact angles lower than 10
• because the coldest point position changes from the apex to the drop edge [near the contact line, as shown by the zoom in Fig. 3(a) ]. For large contact angles, the surface temperature is dominated by the conduction path length in the liquid phase contrarily to small contact angles where the evaporative cooling effect may be predominant in the case of an insulating substrate (Ait Saada et al., 2013; Zhang et al., 2014) . The maximum temperature difference on the drop surface increases the thermo-capillary effect, particularly at contact angles θ ≥ 30
• , where the induced flow improves heat convection in addition to conduction in the liquid phase. For θ = 30
• , the thermo-capillary convection, which is very weak owing to the temperature variation, implies nonetheless a relatively big decrease of the surface temperature at the drop top and a relatively small increase at the drop edge. The zone of the temperature increase expands with the augmentation of the substrate thermal conductivity and yields an increase of the evaporation rate whereas the second zone has little influence.
Similar temperature profiles are obtained when the substrate is heated at 50
• C, Fig. 3(b) , except for θ = 20
• where we observe a non-monotonic temperature distribution at the drop surface in the case with thermo-capillary effect. This profile is due to the competition between heat flow arriving from the substrate in the drop bulk and the cooling at drop surface due to evaporation. In general, the non-monotonic distribution starts at 20
• and persists to 11 • , then disappears at contact angles lower than 11
• , so it does not exist at θ = 10 • [see the velocity field in Fig. 4(b) ].
i) Without thermo-capillary effect ii) With thermo-capillary effect (a) T w = 25
• C i) Without thermo-capillary effect ii) With thermo-capillary effect (b) T w = 50
• C
FIG. 3:
Temperature at the drop surface for aluminum and PTFE substrates.
Liquid motion at the drop surface is controlled by the surface tension, which depends on temperature. It is directed from the zone of low surface tension to the zone of high surface tension. Because of mass conservation, the flow within the drop will be adapted to the influence of the liquid motion at the surface. Hence, the substrate heating and the drop surface cooling induce forces, which pump hot liquid upward from the drop bottom and the cooler liquid at the drop surface flows downward. The resulting flow within the drop induces a surface temperature distribution, which is non-monotonic and thus different compared to the case where the thermo-capillary effect is not included. Heating the substrate induces heat convection in the liquid phase, which is more important compared to the non-heated case (T w = 25 • C) when introducing the thermo-capillary effect, in particular, at contact angles θ ≥ 30
• and for thermally conducting substrates (aluminum). At this analysis stage, based on the comparison of the surface temperature profiles in the case of a heated or non-heated substrate, note that the thermo-capillary effect intervenes differently in the thermal behavior and fluid dynamics inside the drop. For θ ≥ 30
• , the surface temperature profiles look alike and for θ ≤ 10
• , they change only according to k s . For 10 • < θ < 30 • , they change according to both k s and T w . The marked effect of the substrate heating temperature (T w ) is to introduce negative temperature gradients (positive surface tension
FIG. 4: Streamlines (right, ψ [kg/s]) and isotherms (left, T [
• C]) for the case of a PTFE substrate.
Volume 3, Number 2, 2015 gradients), which will be intermediate between two positive temperature gradients (negative surface tension gradients) at the drop surface. The noticeable effect of the substrate thermal conductivity (k s ) is to impose negative temperature gradients at the drop surface except near the contact line, where the temperature gradients remain positive. The temperature gradients along the liquid-gas interface induce surface tension gradients which create the liquid motion in the evaporating drop on the non-heated substrate. This effect is illustrated in Fig. 4(a) , which displays streamlines (right) and isotherms (left) for contact angles lower than 30
• . The choice of the thermally insulating substrate (PTFE) for representing these velocity and temperature fields is argued by the sign change of the surface temperature gradient during evaporation, contrary to the thermally conducting substrate (aluminum) where the surface temperature gradient is always of positive sign, involving the existence of just one type of flow pattern within the drop. For the non-heated PTFE substrate, the streamlines show a unicellular flow structure at contact angles θ = 30 or 20
• . As shown in Fig. 4(a) , the flow is counterclockwise (ψ < 0) due to the thermo-capillary effect, which is dominant because of the large surface tension gradient at the liquid-gas interface. The cellular flow intensity, given by ψ max , decreases with decreasing drop height from θ = 30
• to θ = 20
• . The magnitude of thermo-capillary forces diminishes while viscous forces increase during evaporation. For θ = 10
• , the temperature gradient at the drop surface changes sign; it becomes negative, except near the contact line where the gradient is positive. Therefore two recirculation zones constituting a bi-cellular flow pattern are observed. The first cell is large and clockwise, corresponding to negative temperature gradient. The second cell is very small and counterclockwise, corresponding to positive temperature gradient at drop edge; see the zoom in Fig. 4(a) . Note that this flow pattern does not appear in the case of evaporation on an aluminum substrate. Thus, we may deduce that the thermo-capillary flow pattern depends on the substrate thermal conductivity. If the temperature of the drop surface is mainly controlled by heat transfer in the liquid phase, as for the case of aluminum substrate, this would imply a unicellular thermo-capillary flow pattern which persists for the entire period of evaporation. However, if the temperature of the drop surface is mainly controlled by the cooling effect near the contact line, as for the case of PTFE substrate with contact angle less than 17
• , this would imply the appearance of a bi-cellular thermo-capillary flow pattern for the remainder of evaporation time. The size of the two cells depends on the evaporation stage (or the value of the contact angle) and the substrate thermal conductivity. Isotherms at contact angles of 20
• and 10
• show that the convective effects in the drop are negligible. Hence, we can conclude that heat conduction is the main heat transfer mode. Moreover, for a contact angle equal to or higher than 30
• , the isotherms undergo distortions due to the magnitude of the thermo-capillary flow, which induces convective effects inside the drop.
The case of heated PTFE substrate is illustrated in Fig. 4(b) , where the bottom surface of the substrate is maintained at T w = 50
• C. For a contact angle of 30 • , the thermo-capillary effect induces a counterclockwise motion with a magnitude (|ψ| max = 3.4 mg/s) higher than the case of a non-heated substrate (|ψ| max = 0.98 mg/s). When the drop contact angle declines to 20
• , the non-monotonic distribution of the temperature at the drop surface generates a clockwise cell located between two counterclockwise cells. This is a multi-cellular thermo-capillary flow pattern, with three cells in half of the drop, appearing when the viscous resistance becomes important as for θ = 20
• . Indeed, the liquid motion is stronger in the core of the drop while it is weaker at the periphery. This type of flow with complex structure was observed experimentally by Brutin et al. (2011) , and numerically by Lu et al. (2011) . At θ = 10
• , the drop height reduces and the multi-cellular pattern disappears. The coldest point on the drop surface is no longer the drop apex, but it is shifted near the contact line. So the temperature gradient is negative from the apex to the coldest point creating the dominant clockwise vortex. The positive gradient on the remaining part of the drop surface induces a counterclockwise micro-cell, which appears at the drop edge; see the zoom in Fig. 4(b) . Unlike the non-heated substrate case, the temperature field shows that the convective effects persist at contact angle of 20
• and become negligible at a contact angle of 10
• . The convective flow induces isotherm distortions compared to the case of conduction heat transfer; far away from the heated substrate severe distortions are observed.
The importance of the thermo-capillary convective effects within the evaporating drop is evaluated by the Marangoni number based on the height of the drop apex and the temperature difference between the top and the base of the drop. This result is illustrated in Fig. 5 as a function of the contact angle of the drop, representing the stage of the evaporation process, and the wall temperature of two different substrates: aluminum and PTFE. Like in a flat fluid film, the thermo-capillary convection within the drop occurs when the Marangoni number exceeds a critical value of 83 (Pearson, 1958) . The influence of the substrate thermal conductivity is mainly in the thermo-capillary convection zone, unlike the wall temperature whose influence lasts for the whole drop lifetime. Figure 5 indicates specially a thermo-capillary convection zone with a three-cell flow pattern when the substrate is heated. The extent of this zone and the size of the flow cells depend on the evaporation stage, which corresponds to contact angles lower than 20
• and higher than a certain value decreasing with increasing the wall temperature. The value of the lower limit of the zone is weakly influenced by the substrate thermal conductivity; it is 11
• when the substrate is heated at 50
• C. Hereafter, we analyze the velocity profiles at the drop surface, as shown in Fig. 6 for (a) non-heated PTFE substrate and (b) heated PTFE substrate. We distinguish between the two cases with and without thermo-capillary effect in order to exhibit the thermo-capillary influence zone during evaporation. The velocity at the liquid-gas interface is more important when the thermo-capillary effect is taken into account. In this case, when the temperature gradient at the drop surface is along the direction from the drop axis toward the contact line (positive gradient), the velocity is directed in the opposite direction due to resulting negative surface tension gradient. On the contrary, when the temperature gradient is negative then the positive surface tension gradient causes positive velocity along the liquidgas interface. This situation is not found for the aluminum substrate with a high thermal conductivity because the temperature gradient is at all times positive due to the influence of heat transfer in the liquid phase, which is more important than the influence of the evaporative cooling near the contact line. Heated substrate does not modify the velocity profile. It only amplifies its magnitude. In addition, the presence of multi-cellular pattern (three cells in half of drop) at a contact angle of 20
• induces a change of the fluid motion from clockwise to counterclockwise, yielding a different velocity profile from the case of non-heated substrate. An important result may be found from the analysis of the velocity profiles at the drop surface. That is, the flow inside the evaporating sessile drop is mainly governed by the thermo-capillary effect away from the zone near the contact line for both heated and non-heated substrates. As displayed by the zooms in Fig. 6 , the velocity profile with thermo-capillary effect fits well with the velocity profile without thermo-capillary effect very close to the contact line. In this zone, the flow is strongly influenced by the evaporation. Thus, we can argue that the flow without thermo-capillary effect controls mainly the particle deposition at the drop edge during evaporation with a pinned contact line. This is also supported by the fact that the thermocapillary effect decreases in time with decreasing the contact angle, contrary to the evaporation effect, which induces an increase of the velocity at the drop edge.
Finally, we end this work by analyzing the influence of thermo-capillary convection inside the drop on the evaporation rate, as shown in Fig. 7 . The drop evaporation on an insulating material (PTFE) produces a higher cooling effect. Therefore the evaporation rate is lower for PTFE than for aluminum whatever the wall temperature is (David et al., 2007; Dunn et al., 2009; Ait Saada et al., 2013) . For a non-heated substrate (T w = 25
• C), the overall mass transfer is weakly affected by the thermo-capillary flow inside the drop. However, for a heated substrate (T w = 50
• C), the contribution of thermo-capillary convection is more obvious for contact angles higher than 30
• . In this case, the flow pattern is unicellular. Under the effect of this convective flow, the temperature increases on the drop surface in a region close to the contact line, whereas it decreases far away from the triple line as previously explained in Fig. 3 . The increase of the vapor pressure at the periphery of the drop surface induces an increasing evaporation rate. So, we can conclude that all other flow patterns [indicated by (I), (II.b) and (III) in Fig. 7 ] have no influence on the overall mass transfer, and neglecting thermo-capillary effect at high contact angles underestimates the evaporation rate in the case of heated substrate. Nevertheless it allows a good assessment with non-heated substrate. 
CONCLUSION
A convection-diffusion model is developed to investigate numerically the thermo-capillary flow inside an evaporating water drop on a heated or non-heated substrate of different thermal conductivities. It takes into account the convective flow in the liquid phase, the heat conduction in both solid and gas phases, and the vapor diffusion in the surrounding air. Numerical results showed that the thermo-capillary flow is mainly dominant in drop core and at the beginning of evaporation, except in a region close to the contact line and toward the evaporation end because of the temporal divergence in the evaporation-driven velocity field toward the end of the drop life. The thermo-capillary flow patterns are related directly to the temperature profiles at the drop surface. Particular effects of the wall temperature and solid thermal conductivity are highlighted. The substrate temperature in the heated case can introduce multi-cellular pattern in the thermo-capillary flow for the contact angles from 11
• to 20
• . The substrate thermal conductivity can reverse the thermo-capillary flow direction at low contact angles (≤11 • ). Finally, convective effects inside the heated drop can induce a significant increase of the evaporation rate at high contact angles (≥30 • ).
